In Brief
James and Sakata reveal that naive zebra finches individually tutored with randomized acoustic sequences produce convergent acoustic patterns that are non-random and similar to those observed in wild finch song and in speech and music. Their data demonstrate that learning biases contribute to commonalities in acoustic patterning.
We arranged five common zebra finch syllables into every possible sequence variant.
We individually tutored naïve juveniles with all sequence variants, presented randomly and equally a b c d e
SUMMARY
Biological predispositions in vocal learning have been proposed to underlie commonalities in vocal sequences, including for speech and birdsong, but cultural propagation could also account for such commonalities [1] [2] [3] [4] . Songbirds such as the zebra finch learn the sequencing of their acoustic elements (''syllables'') during development [5] [6] [7] [8] . Zebra finches are not constrained to learn a specific sequence of syllables, but significant consistencies in the positioning and sequencing of syllables have been observed between individuals within populations and between populations [8-10]. To reveal biological predispositions in vocal sequence learning, we individually tutored juvenile zebra finches with randomized and unbiased sequences of syllables and analyzed the extent to which birds produced common sequences.
In support of biological predispositions, birds tutored with randomized sequences produced songs with striking similarities. Birds preferentially started and ended their song sequence with particular syllables, consistently positioned shorter and higher frequency syllables in the middle of their song, and sequenced their syllables such that pitch alternated across adjacent syllables. These patterns are reminiscent of those observed in normally tutored birds, suggesting that birds ''creolize'' aberrant sequence inputs to produce normal sequence outputs. Similar patterns were also observed for syllables that were not used for tutoring (i.e., unlearned syllables), suggesting that motor biases could contribute to sequence learning biases. Furthermore, zebra finches spontaneously produced acoustic patterns that are commonly observed in speech and music, suggesting that sensorimotor processes that are shared across a wide range of vertebrates could underlie these patterns in humans.
RESULTS AND DISCUSSION
Songbirds such as the zebra finch offer a powerful opportunity to conduct controlled experiments of vocal sequence learning and uncover biological predispositions in vocal learning. This is because songbirds, like humans, learn the sequencing of acoustic elements (''syllables'') during development [5] [6] [7] [8] 11 ]. Furthermore, while species like the zebra finch can learn to produce a wide range of vocal patterns, there exists some evidence that particular acoustic patterns and sequences of syllables are more common than expected [9, 10] . However, experimental tutoring is required to determine the contribution of learning predispositions (independent from cultural forces) to the production of common vocal patterns.
To reveal biases in vocal sequence learning, we tutored naive juvenile zebra finches (i.e., reared without song exposure during their critical period for song learning) with randomized sequences of syllables that lacked sequencing consistency and then assessed the degree to which tutored individuals developed songs with similar syllable sequences (see STAR Methods). We tutored juveniles with synthesized songs consisting of five species-typical syllables (labeled as ''a''-''e'') arranged in every possible five-syllable sequence (n = 120 possible sequences; Figures 1A-1C) . Importantly, each bird heard the 120 possible sequences in equal proportions ( Figure 1C ), and the order of sequence presentations was randomized across individuals and days of tutoring. Consequently, the tutoring stimuli provided no bias or predictability in syllable sequencing (e.g., syllable position within a sequence or directionality of syllable transitions). If biological predispositions bias the acquisition of vocal sequences, we should observe significant consistencies in syllable positioning or sequencing across tutored birds, despite being tutored by stimuli that provided no such consistencies.
In support of this hypothesis, experimentally tutored birds produced songs with significant similarities in the positioning and sequencing of syllables. Despite being tutored with randomized sequences, birds demonstrated significant learning of the acoustic structure of syllables (see STAR Methods), and like normally tutored birds, most experimentally tutored birds (45 out of 51 birds) produced one dominant sequence of syllables (''motif''; Figures 2A, S1, S2, and S3). We first investigated similarities in how tutored birds positioned syllables within their motif (i.e., beginning, middle, or end). The positioning of three of the five tutored syllables significantly deviated from chance. For example, of the birds that produced the ''d'' syllable in their motif, 4% produced the ''d'' at the beginning, 46% produced the ''d'' in the middle, and 50% produced the ''d'' at the end. This skewed distribution of the ''d'' syllable across positions was significantly different than the distribution expected by chance (p = 0.0328; as determined using Monte Carlo simulations; see STAR Methods) and was driven by the facts that the ''d'' was produced more than expected at the end of the motif and less than expected at the beginning (p < 0.02 for each; observed likelihoods in each position were, respectively, 3.43s and À2.30s away from the chance value; Figure 2B ). The distributions of the syllables ''e'' and ''b'' also significantly differed from chance ( Figure 2B ): the syllable ''e'' was significantly more likely to be produced in the middle of the motif than expected by chance, whereas the syllable ''b'' was significantly more likely to be produced at the beginning of the motif. Consequently, despite being tutored with stimuli in which each syllable was equally likely to occupy each position, birds preferentially produced syllables in particular positions within the motif.
Importantly, these patterns of syllable positioning resemble those observed among populations of normally reared zebra finches [9, 10] . Across wild populations of zebra finches, birds frequently terminate their motif with distance calls (our syllable ''d'') and produce a high-pitched syllable (our syllable ''e'') in the middle [10] . As such, our data strongly suggest that the biological predispositions in vocal sequence learning could account for natural commonalities in vocal positioning.
Positional variation in the duration, pitch, and amplitude of sounds is prevalent across speech and music [12] [13] [14] [15] . For example, utterances in the final position of phrases tend to be longer and lower in pitch than utterances in medial positions, and music phrases tend to have arch-like pitch contours such that notes in the beginning and final positions tend to be lower in pitch. We assessed the degree to which our experimentally tutored birds organized the syllables in their songs with such positional variation. Consistent with these patterns, syllables at the end of the motif were significantly longer than syllables in the middle or beginning of the motif (p < 0.02 for each contrast; Figure 2C ). Syllables at the beginning of the motif were also significantly longer than syllables in the middle of the motif (p = 0.007). Pitch (mean frequency) also varied across motif position, with beginning and end syllables being lower in pitch than middle syllables (p < 0.04 for each; Figure 2D ). Amplitude did not significantly vary across motif positions (p = 0.2478) but generally demonstrated an ascending pattern from beginning to end ( Figure 2E ).
To assess whether similar positional variation is observed in the songs of zebra finches that were tutored with species-typical songs, we applied the same analyses to zebra finch songs from an online repository (n = 61; see STAR Methods). We found patterns of positional variation that resembled those found in our experimentally tutored birds. For example, syllable duration significantly varied across position, with end syllables being significantly longer than syllables in the beginning or middle of the motif (p < 0.0001 for each contrast; Figure 2F ). Pitch also significantly varied across motif positions ( Figure 2G) , and, similar to the songs of experimentally tutored birds, beginning syllables were lower in pitch than middle syllables (p = 0.0006). While end syllables were not significantly different in pitch than middle syllables, end syllables were higher in pitch than beginning syllables (p = 0.0043). Mean amplitude significantly varied across motif position within the songs of finches tutored with species-typical songs, with end syllables being the loudest, followed by middle syllables and then beginning syllables (p < 0.0003 for each contrast; Figure 2H ). A similar, albeit statistically non-significant, pattern was observed in the songs of experimentally tutored birds. Because patterns of positional variation in acoustic features were similar between birds tutored with randomized sequences and birds tutored with normal zebra finch song, this suggests that experimentally tutored birds spontaneously organized their syllables into patterns typically found in zebra finch song.
In addition to the positioning of syllables, we also analyzed the degree to which the sequencing of syllables within the songs of experimentally tutored birds followed predictable patterns. We first analyzed predictability (i.e., asymmetries) in the directionality of syllable transitions within the 10 pairs of tutored syllables (e.g., transitioning from ''a'' to ''e'' versus from ''e'' to ''a''; Figures  3A-3C ). Because birds were tutored with sequences that were symmetric in the directionality of syllable transitions, the null model (i.e., no bias in sequence learning) predicts equal probabilities of transitions in each direction. However, the observed pairwise transitions were significantly asymmetric (p = 0.0312; Figure 3D ; see STAR Methods), indicating that birds produced similar sequences. One striking result that exemplifies this predictability was that four birds produced the exact same four-syllable sequence, ''bead'' (Figure 2A ). The likelihood that the same four-syllable sequence is produced by four or more birds, by chance, is <0.2% (Monte Carlo simulation), underscoring that syllable sequencing is non-random and that biological predispositions contribute to vocal sequence learning.
Speech sounds are commonly sequenced in alternating patterns of stressed (generally higher in pitch, louder, and longer) and unstressed syllables [16] [17] [18] . However, the extents to which songbirds produce sequences with alternating acoustic patterns and to which biological predispositions in vocal learning contribute to this patterning remain largely unknown. To this end, we first analyzed a large corpus of songs of zebra finches that were tutored with species-typical songs (see STAR Methods). While we did not observe significant patterning of duration (p = 0.2096) or amplitude (p = 0.0838), birds tutored with normal song alternated the mean frequency of syllables in their motif more than expected by chance (Monte Carlo simulation; p = 0.0223; Figures 4A and 4B) . To reveal the contribution of learning predispositions to this patterning, we assessed the (C-E) The acoustic structure of syllables significantly differed across motif positions for experimentally tutored birds (beginning, middle, or end; n = 200 syllables). Syllables at the beginning or end of the motif were significantly longer in duration (C) and lower in pitch (D; mean frequency) than syllables produced in the middle (p < 0.02 for each). Syllables at the end of the motif were also significantly longer than syllables at the beginning of the motif (p < 0.01). Syllables did not significantly vary in amplitude across positions (E). Amplitude values for each bird are normalized (''norm''; mean subtracted) by the average amplitude of all syllables within his song. (F-H) The acoustic structure of syllables also significantly varied across motif positions in the songs of birds tutored with species-typical song (n = 267 syllables; see STAR Methods). The duration of syllables significantly varied across positions (F), with syllables at the end of the motif being longer than syllables in the middle or at the beginning of the motif (p < 0.0001 for each). The pitch of syllables varied by position within the motif (G), with syllables at the beginning of the motif being lower in pitch than syllables in the middle or at the end of the motif (p < 0.005 for each). The mean amplitude of syllables significantly varied across positions in the motif (H), with syllables at the end of the motif being louder than syllables in the middle or at the beginning of the motif and syllables in the middle of the motif being louder than syllables at the beginning of the motif (p < 0.003 for each). Plotted are mean-subtracted amplitude values (see E). Table S1. degree to which birds tutored with randomized sequences similarly produced songs with alternating patterns. We found that experimentally tutored birds significantly alternated the pitch . These data strongly suggest that learning biases could contribute to the typical alternation of pitch in zebra finch song.
Motor and/or sensory biases could underlie such biological predispositions in learning. For example, the organization of the motor system has been hypothesized to influence and constrain the acquisition and production of acoustic patterns within birdsong, speech, and music [15, [19] [20] [21] [22] . To assess the degree to which motor biases contribute to biological predispositions in vocal sequence learning, we analyzed positional variation in the acoustic features of syllables that experimentally tutored birds produced and that were not heard in the tutor stimulus set (''novel syllables''; see STAR Methods; Figures S2 and S3). As observed in the previous analyses of experimentally or normally tutored birds (Figure 2 ), novel syllables that were produced at the end of the motif were longer than those produced in the middle or beginning of the motif, and novel syllables at the beginning or end of the motif were lower in pitch than those in the middle ( Figure S4 ). Because positional variation in utterances was observed even for vocalizations that were not directly heard during tutoring, these data suggest that motor biases contribute to the acoustic patterns commonly observed in our birds. It is possible, for example, that such acoustic patterns are easier for the motor system to produce [22] .
Despite these findings, it remains possible that biases in auditory processing and memory could also contribute to the common vocal patterns. Just as previous studies demonstrate ''innate'' tuning for species-typical acoustic features [5, 23-25], our data suggest that the auditory system of juvenile zebra finches could preferentially process and learn particular types of acoustic sequences. Recent studies on prosodic processing in zebra finches support this idea. When asked to categorize patterns of human speech sounds or zebra finch syllables, zebra finches preferentially use pitch cues (relative to duration or amplitude) to infer patterns [26, 27]. Interestingly, birds tutored with randomized sequences spontaneously arranged their syllables such that pitch but not amplitude or duration alternated, highlighting a parallel in the prominence of pitch to production and perception in zebra finches. Similar parallels in production and processing are observed in humans, as speakers of languages in which pitch is used as a primary prosodic cue tend to use pitch cues for speech segmentation [28, 29] . In addition, these data suggest the intriguing possibility that females could prefer males that produce songs with alternation of and positional variation in pitch.
Regardless of the mechanism, we provide compelling experimental evidence that the nervous system is endowed with predispositions that bias vocal sequence learning in a songbird species that lacks specific rules for vocal sequence production [9, 10, 30, 31]. Tutoring birds with random, unbiased sequence inputs led to the production of non-random, biased sequence outputs that were common across individuals, similar to patterns found in birds tutored with species-typical songs, and similar to those commonly observed in speech and music [1, 4, 15, 18, 20, 32] . Consequently, these data indicate that biological predispositions influence not only the learning of acoustic structure [24, 33, 34] but also the acquisition of syllable sequencing. That the patterning of acoustic features is similar between the songs of experimentally and normally tutored birds indicates that juvenile zebra finches ''normalize'' atypical inputs of syllable sequences into species-typical sequences. This process resembles the ''creolization'' of human languages and acoustic features of birdsong [30, 33, 35, 36] . Children who are exposed to novel, simplified forms of languages that lack properties commonly observed across established languages reshape and ''creolize'' this language into one that is more likely to contain common linguistic patterns [35, 36] , and juvenile zebra finches that are tutored by conspecifics that produce acoustically atypical songs produce syllables with more normal acoustic structure as adults [33] . It will be important for future studies to assess the extent to which these learning biases can be overcome and to explicitly evaluate the motor and sensory underpinnings of these biases. Given the parallels to patterns in speech and music, our findings suggest that sensorimotor processes (B and C) Asymmetries in the directionality of syllable transitions (e.g., difference in transition probabilities from ''a'' to ''e'' and from ''e'' to ''a'') within the motifs of tutored birds (B) and tutoring stimulus (C). Line thickness scales with the magnitude of asymmetry in the directionality of syllable transitions (e.g., thick purple line between ''e'' and ''a'' in B represents a bias for transitions from ''e'' to ''a'' over ''a'' to ''e''). that are shared across a wide range of vertebrates underlie ''universals'' in phonological, prosodic, and musical patterns in humans [19, 20, 37, 38] .
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: The mean frequency of syllables significantly alternated within the motifs of birds tutored with species-typical song. Plotted is the change in mean frequency (in kHz) from the previous syllable (t-1) to the current syllable (t) (x axis) and the change from the current syllable (t) to the following syllable (t+1) (y axis). Arrows (in the corners) indicate the direction of change, with the first and second arrows of the pair indicating, respectively, change from syllable (t-1) to syllable (t) and change from syllable (t) to syllable (t+1) . The significant negative relationship indicates that pitch alternated across syllables more than expected by chance. 
STAR+METHODS KEY RESOURCES TABLE CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Jon T. Sakata (jon. sakata@mcgill.ca).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Adult zebra finches for breeding were obtained from commercial breeders (Exotic Wings and Things, Ontario, Canada). Naive juvenile zebra finches were bred and raised in our lab in custom-built sound-attenuating chambers (TRA Acoustics, Ontario, Canada). Fathers were removed from the nest %5 days post-hatch (dph), and, thereafter, experimental juveniles were raised solely by their mother or a foster mother (females do not produce song) [10, 33] . The critical period for song learning for zebra finches opens $20 dph; thus, song exposure before 5 dph does not lead to significant song learning [33, [40] [41] [42] . After reaching nutritional independence ($35-50 dph), juvenile males were individually housed in sound-attenuating chambers for tutoring. Juveniles were individually housed because social interactions among juveniles can influence song development [43] [44] [45] . Animals used in this experiment were not part of any other experiment prior to tutoring. All birds were housed on a 14:10 light:dark cycle and provided with food and water ad libitum. All procedures were approved by the McGill University Animal Care and Use Committee in accordance with the guidelines of the Canadian Council on Animal Care.
METHOD DETAILS Song Tutoring
Birds were tutored using operantly triggered playbacks of synthesized song stimuli for >30 days [46, 47] . Song stimuli were synthesized to resemble natural zebra finch song, albeit with no sequence consistency across renditions. To create song stimuli for tutoring, five typical zebra finch song elements (termed ''syllables,'' contiguous epochs of sound separated by short silent gaps (>5 ms)) were selected from the songs of different males from multiple lab populations. These five syllables corresponded to syllable types most commonly observed in natural populations of zebra finches, four of which were termed the ''primary elements'' of zebra finch phrases [10] . Using the nomenclature of Zann (1996) [10], these syllables can be described as a short sweep (''a''), a noise-noise syllable (''b''), a short stack (''c''), a distance call (''d''), and a high note (''e''; Figure 1 ). To create tutoring stimuli, syllables were bandpass-filtered (0.3-10 kHz), normalized by their maximum amplitude, and ramped to avoid sharp onsets and offsets in amplitude. We tutored juveniles with stimuli that contained randomized and unbiased syllable sequences to assess biological predispositions in sequence learning (n = 51). To this end, we constructed all possible five-syllable sequence (''motif'') variants that contained each of the syllables only once (n = 120 motif variants; Figure 1 ). We created motif variants in this manner because individual syllables are rarely produced more than once in a zebra finch's motif [33, 48, 49] . Because zebra finches typically produce bouts of song that consists of multiple renditions of a motif, we synthesized song stimuli such that each song bout contained four motifs. However, in contrast to normal zebra finch song bouts in which the same motif is repeated, synthesized song bouts consisted of four distinct motif variants. The sequence of motif variants per song bout was randomized across days for each bird and across birds. Moreover, to ensure that each motif variant was heard equally and randomly, we presented the stimuli in blocks of 120 motifs so that every motif variant was heard once before any variant was repeated.
The timing of syllables and motif variants in song stimuli followed a species-typical pattern: syllables within the motif were each separated by a silent gap of 30 ms, whereas the gap between syllables across adjacent motifs (i.e., from offset of last syllable in the motif to onset of first syllable of subsequent motif) was 100 ms.
Birds were operantly tutored using perch hops [50, 51] , and each perch hop triggered the playback of one song bout. To improve learning outcomes, song playbacks were spaced out such that juveniles were allowed to hear only 10 operantly triggered song playbacks (i.e., 40 motif variants) within each of three time periods in the day (morning, noon, and afternoon [46]), for a maximum of 120 motifs (one of each variant) per day. Birds were housed individually throughout tutoring and until 4 months of age.
Sound Analysis Pro 2011 (SAP; http://soundanalysispro.com) was used for song tutoring. Stimuli were played out of an Avantone Pro Mixcube speaker (Avantone, NY) connected to a Crown XLS 1000 amplifier (Crown Audio, IN). Song playback was operantly triggered by perch hops using custom-built perches connected to a National Instruments PCI-6503 I/O card (National Instruments, TX).
Song Analysis
We recorded the spontaneously produced songs of tutored birds using an omnidirectional microphone (Countryman Associates, Menlo Park, CA) and an amplitude-based recording system (SAP; 44.1 kHz; bandpass-filtered from 0.3-10 kHz). Songs were visualized and analyzed offline using custom-written software in MATLAB (Mathworks, Natick, MA). We analyzed the adult songs (n > 30 songs/bird) of tutored birds when they were 4 months old, an age at which song is typically stable and stereotyped [41, 52] . We identified and labeled syllables and motifs following automated, amplitude-based segmentation of audio files. As indicated above, zebra finch songs consist of syllables that are arranged into stereotyped sequences called ''motifs,'' and each adult zebra finch repeats a single motif within his song. An individual's motif is readily identifiable because it is repeated multiple times within a song bout [10, 41, 52, 53] and because the duration of gaps between motifs is usually longer and more variable than gap durations within the motif [54, 55] . To identify motifs, authors independently examined multiple renditions of each bird's song. Both researchers identified and agreed upon a stereotyped motif for 45 of the 51 tutored birds, and the songs of these birds resembled the songs of normally reared zebra finches. The remaining 6 tutored birds either produced songs with sufficient sequence variability to make motif identification difficult or produced songs with multiple motif variants (i.e., songs in which authors could not agree upon a motif; see Figure S1 for examples). Such variability is not unexpected since operant tutoring can lead to aberrant learning outcomes in a subset of birds (e.g., [8, 56] ). The songs of these six birds with more variable sequencing were not analyzed because of ambiguity in demarcating the beginning and end of the motif.
The 45 birds used in the analysis produced motifs with, on average, 4.4 ± 0.2 syllables (mean ± SEM; range: 2-8), with average gap durations (i.e., intervals between syllables within the motif) of 27.1 ± 1.2 ms. Thirty-seven of the 45 birds (82%) produced a direct transition from the end of one motif to the beginning of the subsequent motif, and the average inter-motif interval (duration from the offset of the last syllable in the motif to the onset of the first syllable in the subsequent motif) for these birds was 77.5 ± 7.5 ms.
After identifying motifs, we labeled each syllable within the motif using quantitative and qualitative approaches. We first identified the median rendition of each distinct syllable of a bird's motif. To identify the median syllable rendition, we used MATLAB scripts to quantify acoustic features of every rendition of each syllable in the bird's motif across >30 randomly selected songs (duration, mean frequency, spectral density, spectral temporal entropy, and loudness entropy; [57, 58] ), converted these feature values into z-scores for each syllable in each bird's motif, and then identified the individual syllable rendition that was closest to the median centroid of the distributions. Once the median rendition for each syllable was identified, five individuals with expertise studying birdsong were presented with individual spectrograms of each median syllable rendition and asked to determine whether the syllable matched those in the tutoring stimulus set (syllables ''a'' through ''e'') or should be considered distinct from the five tutor syllables (i.e., ''novel''). Experts were blind to the identity of the bird and the position of the syllable within the motif (i.e., raters categorized individual syllables that were spliced out from the motif). The label chosen by at least three of the five raters was selected as the final label for the syllable. There was a single syllable in which there was no consensus across raters, and this syllable was categorized as a ''novel'' syllable. On average, each rater's labels were consistent with the final labels (i.e., labels used in analyses) for 90% of the syllables.
The degree of syllable learning in tutored birds with stereotyped motifs (n = 45) was comparable to that observed in previous studies of experimental song tutoring [10, 11]; on average, 72% of all syllables produced by these birds were categorized as syllables that were learned from the tutor stimulus set. To further assess the extent of learning, we employed quantitative analyses of acoustic similarity using SAP [39] . We measured the spectral similarity of each pupil's motif to a motif from the tutor stimulus. The SAP ''similarity score'' does not take into account similarities in the sequencing of syllables between compared motifs; therefore, we randomly picked one of the 120 motifs in the tutor stimulus to use for all comparisons. On average, the motifs of our tutored birds had SAP similarity scores of 55.9 ± 2.6% (mean ± SEM), and these scores were significantly and positively correlated with our estimate of the number of syllables learned from the tutor stimulus set (r = 0.64, p < 0.0001). Furthermore, these similarity scores were comparable to those reported for birds that were operantly tutored in other studies; for example, Der egnaucourt et al. (2013) found that pupils tutored by operant conditioning of natural song stimuli had an average SAP similarity score of 61.1 ± 3.4% (values extracted from their figure; [56] ).
In addition, the songs of our experimentally tutored birds were more similar to the tutor stimulus set than were the songs of zebra finches not tutored with these stimuli. For this analysis, we used SAP to measure the similarity of motifs of zebra finches from five different laboratories to our tutor stimulus set (http://people.bu.edu/timothyg/song_website/index.html; see ''Comparisons with zebra finches tutored with normal songs'' below for further details). These similarity scores provide an estimate of the extent to which birds could, by chance, resemble the tutor stimulus set. Overall, the motifs of birds not tutored by our tutor stimulus set had similarity scores of 32.4 ± 1.9%, which was significantly lower than the scores of our tutored birds (t 104 = 7.39, p < 0.0001). Altogether, these analyses indicate that the extent of learning of our experimentally tutored birds was significantly greater than chance and comparable to the degree of learning observed in related studies (e.g., [56] ).
To assess the robustness of the findings reported in the main text, we also conducted the same set of analyses on motifs that were independently identified by two songbird researchers who were unaware of the experiment. These researchers were asked to identify motifs by examining spectrograms of the adult songs of tutored birds. Overall, there was 86% similarity in syllable composition of motifs across the two researchers and 88% similarity to the dataset analyzed in the main text. Moreover, results for these analyses were highly consistent with those reported in the main text, with 89% of analysis yielding p < 0.05 or p < 0.10 for all significant effects reported in the main text.
Comparisons with Zebra Finches Tutored with Normal Songs
To corroborate patterns that were commonly observed in our experimentally tutored birds, we analyzed the extent of positional variation in and alternation of song features within the songs of zebra finches tutored with normal songs. We examined zebra finch songs from a repository that consisted of songs from five different laboratories (http://people.bu.edu/timothyg/song_website/index.html); songs from our laboratory were not included in the repository. While specific information about how these birds were tutored was not provided, these recordings were obtained from labs that generally raise and tutor birds with typical zebra finch song (i.e., stereotyped sequences of syllables). We independently examined the repository and identified a subset of birds in which we could readily identify a motif. Songs were included in the analysis if (1) the song file contained at least two full motifs (since only one file existed per bird) and (2) we agreed on the exact sequence of syllables that comprised the motif (n = 61 birds).
Because these songs were obtained from birds raised in different laboratories, we examined the extent to which positional variation in or alternation of song features varied across labs. There was no significant interaction between lab of origin and motif position or alternation in the dataset (p > 0.2 for each), suggesting that the nature and extent of positional variation and alternation were comparable across lab populations.
QUANTIFICATION AND STATISTICAL ANALYSIS Monte Carlo Simulations
We conducted Monte Carlo simulations to determine the extent to which adult birds tutored with randomized sequences produced similar acoustic patterns within their motifs [59] . These simulations were used to compute the likelihood of observing a particular pattern by chance and were important because individual birds produced different repertoires of syllables. These simulations were also important to account for the number of times each syllable was produced within the motif (i.e., syllables were occasionally produced more than once in a motif). The simulation consisted of 10,000 iterations, and for each iteration we randomized the sequence of syllables within each bird's motif. We then computed the likelihood of observing a particular phenomenon across motifs (e.g., percent of motifs that ended with a particular syllable) during each iteration, and then generated a distribution of these likelihoods across the 10,000 iterations. These Monte Carlo simulations were the basis for generating null distributions against which we assessed the significance of our observations.
Skew in Syllable Position
Monte Carlo simulations were first used to quantify the degree to which the observed skew in syllable positioning within the motif (beginning, middle, and end) deviated from chance. The first syllable of the motif was designated as positioned at the beginning, the final syllable of the motif was designated as positioned at the end, and the remaining syllables were designated as positioned in the middle. We first analyzed the degree to which the distribution of each syllable across motif positions deviated from random using Likelihood ratio tests. Using the data from Monte Carlo simulations, we computed the expected distribution (i.e., null distribution) of syllables across motif positions if syllable sequencing was random. For example, to generate the null distribution for the ''d'' syllable, we computed the proportion of motifs (across birds) in which the ''d'' syllable was situated in the beginning, middle, or end of the motif for each iteration of the Monte Carlo simulation. We then calculated the average proportion across all 10,000 iterations for each of the three positions to generate the expected probability of observing a ''d'' syllable in each of these positions. Because the sequence of syllables within each bird's motif was randomized for each iteration of the simulation, this allowed us to compute the expected probability of a ''d'' occupying a particular position if sequence learning was random (i.e., if there were no biological predispositions for sequence learning). We then multiplied these average proportions by the number of birds that produced the ''d'' syllable to generate the expected number of birds that would have produced the ''d'' syllable at the beginning, middle, or end of their motif if sequencing was random. Finally, we compared these expected numbers to the observed number of birds that produced the ''d'' syllable at the beginning, middle, or end of the motif using a Likelihood ratio test. This procedure was repeated for each of the five tutor syllables.
To supplement the Likelihood ratio tests, we used Monte Carlo simulations to assess whether the observed likelihoods that individual syllables were produced at the beginning, middle, or end of the motif were each significantly different than chance. Using the syllable ''d'' as an example again, we observed that, of birds that produced the ''d'' syllable in their motif, 4% produced the ''d'' at the beginning of the motif, 46% of birds produced the ''d'' in the middle of the motif, and 50% of birds produced the ''d'' at the end of the motif. To assess whether each of these observed percentages were significantly different than chance, we created three null distributions from the Monte Carlo simulation, with distributions representing the likelihood of observing a ''d'' at the beginning, in the middle, or at the end by chance. We then compared the observed likelihoods of observing a ''d'' at the beginning, middle, and end against their respective null distribution. We deemed the observed percentage as significant if it lay outside the 95th percentile of values from the simulation (two-tailed). For example, 50% (13 of the 26) of the birds that produced a ''d'' in their motif positioned the ''d'' at the end of the motif, but in only 0.14% (14 of the 10,000) simulated iterations did we observe that R 50% of motifs ended with ''d''; in other words, by chance alone, it was highly unlikely that 50% of birds ended their motif with a ''d.'' Consequently, our results indicate a significant bias for zebra finches to produce the ''d'' syllable at the end of the motif. Conversely, only 3.8% (1 of the 26) of these birds produced the ''d'' at the beginning of their motif, and in only 1.2% of the simulated iterations did we observe that %3.8% of motifs began with ''d''; therefore, our results indicate a significant bias for birds to not produce a ''d'' at the beginning of the motif.
Transitions between Syllables
We also analyzed the extent of patterning in syllable transitions within the motif. For example, we analyzed the degree to which birds exhibited consistent directionality (i.e., predictability) in sequencing for each of the 10 pairs of tutored syllables. To this end, we compared the observed asymmetry in syllable sequencing to the distribution of sequence asymmetries across the iterations of the Monte Carlo simulation. To compute sequence asymmetry, we first calculated, for each pair of syllables, the proportion of transitions in one direction (e.g., ''e'' to ''a'') out of the total transitions in either direction (e.g., sum of ''e'' to ''a'' and ''a'' to ''e''); this value should be 0.5 if transitions were equally likely in both directions. We computed the asymmetry in pairwise transitions as the absolute deviation of the observed proportion from 0.5 (''asymmetry value''). For example, across the 12 birds that produced motifs with a direct transition between ''e'' and ''a'' (in either direction), 8 of those were from ''e'' to ''a''; therefore, the asymmetry value for the ''e''-''a'' pair was 0.167 (j(8/12)-0.5j). To compute the overall degree of asymmetry in syllable sequencing, we averaged the asymmetry values across the 10 syllable pairs (''overall asymmetry value''). To compute the significance of the overall asymmetry value that we observed, we compared the observed overall asymmetry value to the distribution of overall asymmetry values derived from the Monte Carlo simulation. To generate this distribution, we calculated the overall asymmetry value on each of the 10,000 iterations of the simulation, and then computed the likelihood of observing an overall asymmetry value that was equal to or greater than the overall asymmetry value observed in our data ( Figure 3D ).
Alternation in Acoustic Structure
We ran Monte Carlo simulations to assess the significance of acoustic alternations within each bird's motif ( Figures 3E and 3F ). We measured the mean frequency, duration, and mean amplitude, three features that are commonly found to alternate in speech, for each rendition of each syllable in every bird's motif [57, 58] . Then we computed the median value for each feature across all renditions of the syllable and used these values in the analysis. We plotted the change in mean frequency, for example, from the previous syllable (t-1) to the current syllable (t) against the change from the current syllable (t) to the next syllable (t+1) across all birds to measure the extent of pitch alternation between adjacent syllables in the motif. If there is acoustic alternation from syllable-to-syllable, we would expect a negative relationship between the change from syllable (t-1) to syllable (t) and from syllable (t) to syllable (t+1) . For each acoustic feature, we then computed the r 2 value of the relationship between the two changes (''observed r 2 '') and compared this observed r 2 value to the distribution of r 2 values obtained for each of the 10,000 simulated iterations. For example, the observed r 2 value for the alternation in mean frequency was 0.476, and in only 18 of the 10,000 iterations did we observe an r 2 value equal to or greater than the observed r 2 (p = 0.0018). Therefore, the observed extent of pitch alternation in the songs of experimentally tutored birds was significantly greater than that expected by chance alone.
Analysis of Variation in Acoustic Features across Positions
We analyzed how acoustic features of syllables varied depending on the position in the motif (beginning, middle, or end) in our birds tutored with randomized sequences of syllables as well as birds tutored with species-typical song. We measured the duration, mean frequency, and mean amplitude of each rendition of each syllable in every bird's motif, and then analyzed how the medians of these features varied depending on syllable position. We used mixed effects models with position (Beginning, Middle or End) as the independent variable and individual bird as a random variable (to account for the fact that multiple syllables were analyzed per bird) to analyze systematic variation in acoustic structure across positions. Such mixed effects models (with birdID as a random variable) are repeated-measures analyses that provide the flexibility to accommodate the facts that most birds have multiple syllables defined as ''middle syllables'' and that different birds have different numbers of middle syllables. Tukey's HSD tests were used for post hoc contrasts. Significant differences between motif positions are identical if we compare values for beginning and end syllables to the average value for all middle syllables for each bird (i.e., each bird has a single data point per position). For birds tutored with the same set of syllables (i.e., our experimentally tutored birds), we examined the degree to which positional variation in acoustic structure was due to variation in the types of syllables placed at different positions in the motif as well as variation in the acoustic structure of individual syllables according to position. Indeed, acoustic features of individual speech sounds systematically vary according to position [12, 13] . To differentiate between these possibilities, we conducted an additional analysis in which ''syllable identity'' (''a,'' ''b,'' ''c,'' ''d'' or ''e'') was included as an additional factor in the model. Acoustic features did not significantly vary across position when ''syllable identity'' was included in model, suggesting that positional variation in acoustic structure is primarily driven by variation in the placement of particular syllables at different parts of the motif.
Statistical Analyses
All analyses were done using MATLAB (Mathworks, Natick, MA) or JMP v. 11 (Cary, NC). We set a = 0.05 for all tests.
DATA AND SOFTWARE AVAILABILITY
The datasets generated from this experiment have been deposited into Mendeley Data, available at https://doi.org/10.17632/ sywzmd483f.1.
